Rationale Alcohol is the most frequently detected substance in fatal automobile crashes, but its precise mode of action is not always clear. Objective The present study was designed to establish the influence of blood alcohol concentration as a function of the complexity of the scenarios. Road scenarios implying automatic or controlled driving performances were manipulated in order to identify which behavioral parameters were deteriorated. Method A single blind counterbalanced experiment was conducted on a driving simulator. Sixteen experienced drivers (25.3±2.9 years old, 8 men and 8 women) were tested with 0, 0.3, 0.5, and 0.8 g/l of alcohol. Driving scenarios varied: road tracking, car following, and an urban scenario including events inspired by real accidents. Statistical analyses were performed on driving parameters as a function of alcohol level. Results Automated driving parameters such as standard deviation of lateral position measured with the road tracking and car following scenarios were impaired by alcohol, notably with the highest dose. More controlled parameters such as response time to braking and number of crashes when confronted with specific events (urban scenario) were less affected by the alcohol level.
Introduction
Consumption of psychoactive drugs produces a decrease in the mental and behavioral functions involved in automobile driving (Moskowitz and Fiorentino 2000; Ogden and Moskowitz 2004) . In particular, it has been shown for many years that impairment of driving due to ethanol is a main factor in road traffic accidents and that blood alcohol concentration (BAC) is clearly linked with the probability of being involved in a road accident (Borkenstein et al. 1964; Zador et al. 2000; Blomberg et al. 2009; Phillips and Brewer 2011) . Alcohol is thus the most commonly detected substance in fatally injured drivers, and epidemiological evidence indicates that the risk of accident increases with alcohol alone and when alcohol is combined with licit or illicit psychotropic drugs (Skurtveit et al. 2002; Ogden and Moskowitz 2004; Vingilis and MacDonald 2004; Walsh et al. 2004; Brady and Li 2012; Mørland et al. 2011) . The relative risk estimated using the odds ratio is of 5.6 for a BAC between 0.5 and 0.79 g/l and of 15.5 for alcoholization greater than or equal to 0.8 g/l (Movig et al. 2004) ; the number of drivers responsible for accidents rises to 2.3 for cannabis alone, to 9.4 for alcohol alone, and to 14.1 for the alcohol-cannabis combination (Biecheler-Fretel et al. 2008 ).
The precise mode(s) of alcohol's action are not always clear; it does not uniformly impair all aspects of performance, but most experimental studies show a global behavioral decrement from 0.5 g/l of alcohol in the blood (Moskowitz and Fiorentino 2000) . In case of multiple tasks, people under the influence of alcohol tend to favor just one task, resulting in a strong decrease in performance for the secondary task from 0.2 g/l; some cognitive capacities (memory, response time) are affected from near 0.5 g/l (Parks et al. 2002) and can show a dose effect (Bisby et al. 2009 ). Vigilance level and eye tracking are also affected at very low doses of alcohol (Moskowitz et al. 1985) and motor functions appear to be more affected than cognitive functions (Koelega 1995) . Concerning driving, studies on simulators and on the road show deterioration in behavior starting at low level of alcohol; this deterioration increases with task difficulty (Ogden and Moskowitz 2004; Lenné et al. 2010) . Decision-making processes appear to be less affected than drivers' ability to divide attention, and the impairing effects of alcohol on performances is thus intensified when the driver is required to divide attention among distractor tasks while driving (Leung and Starmer 2005; Harrison and Fillmore 2011) . Moreover, some alcohol effects on driving performances and risky driving are more pronounced in the presence of a response conflict, for example by increasing deviations in lane positions and failures to stop at red lights (Fillmore et al. 2008) . Alcohol has thus consistently been found to produce dose-dependent impairment in the performance of driving tasks and of driving relative cognitive tasks (Ronen et al. 2010; Leung et al. 2012) .
One of the most often used scenarios to evaluate driving behavior after the ingestion of psychotropic drugs was initiated in pharmacology procedures with antihistaminic drugs and benzodiazepine (O'Hanlon and Volkerts 1986; Ramaekers and O'Hanlon 1994) . The highway driving test consists in registering driver's action parameters in monotonous driving scenarios such as motorway situations, causing a clear deterioration of different driving parameters. In particular, the primary outcome measured is the standard deviation of lateral position (SDLP) of the driver's vehicle. This behavioral variable reflects the capacity (or the inaptitude) to keep the vehicle from swaying from side to side, so it is a good indicator of vehicle control and increases in case of less control. SDLP is extremely sensitive to modifications involving psychotropic drugs and fatigue. It is frequently used to quantify the negative effects of these factors in natural or simulated driving (O'Hanlon et al. 1982; Brookhuis 1998; Arnedt et al. 2001; Brookhuis et al. 2003; Vermeeren 2004; Philip et al. 2005; Verster and Ramaekers 2009; Verster and Roth 2012a; Helland et al. 2013) . The highway driving test also shows a dose-dependent relationship between the alcohol dose and performance degradation (Louwerens et al. 1987) . Automated driving performance, as measured by this test, is impaired by alcohol (0.4 g/l) and SDLP increases, while speed (SD) and the standard deviation of speed (SDSP) are sometimes increased (Arnedt et al. 2001; Lenné et al. 2010; Ronen et al. 2010 ) and sometimes unaffected (West et al. 1993; Kuypers et al. 2006) . However, the monotonous scenarios used to obtain SDLP effectively measure lower level behavior functions but not higher level functions such as response to emergency situations and risk-taking behavior, although, for example, the detection of danger can be slower with alcohol (West et al. 1993) . It is only more recently that research has systematically turned to behavioral modifications involving psychotropic drugs in more stimulating scenarios rather than monotonous ones, e.g., scenarios reflecting controlled modes of cognitive processing, such as car following scenarios and complex urban scenarios requiring set-shifts and cognitive strategies (Leung and Starmer 2005; Lenné et al. 2010; Simons et al. 2012) . According to Michon's three-level driving model (1985) , automated driving behavior concerns immediate parameters like lateral and longitudinal control of the vehicle (e.g., speed and lateral position in the lane), while controlled driving behavior concerns driving actions such as maneuvers when faced with specific events. Recent results tend to show that under the influence of alcohol, automated driving performances such as speed and SDLP measured in monotonous situations are mainly influenced. Driving parameters such as response time or gap acceptance when crossing an intersection, which are involved in more complex situations such as car following and urban driving performances, are not affected, however (Veldstra et al. 2012) . Thus, lane keeping performances deteriorate to some extent, but drivers are still able to adequately react to road signs indicating a lane change (Huemer and Vollrath 2010) . These results are not in line with others, which postulate that controlled performances and simulator tasks would be degraded earlier with low doses of alcohol in the blood while automated performances would only be so later, e.g., that automated processes are less sensitive to alcohol-induced impairment (Fisk and Schneider 1982; Krüger 1993; Holloway 1995) .
Based on the aforementioned alcohol results, we decided to test the effects of different BACs on automated and more controlled driving performances to establish their respective influences on behavioral decrement. Automated and controlled driving parameters were analyzed with various driving scenarios. The BAC limits used were the BAC levels at which the accident risk is increased as well as the BAC limits generally tolerated in European countries. The BAC levels of 0.5 and 0.8 g/l were thus selected to remain consistent with the legal limits in most European countries; the 0.3 g/l level was selected relative to other countries which have already adopted a lower limit and in agreement with a consortium of researchers involved in the DRUID project 1 such as Veldstra et al. (2012) . In the present research, it was predicted that performances would deteriorate with increasing blood alcohol concentrations and, in comparison with the results of driving studies, would be more affected for scenarios implying automated driving performances than for scenarios implying more controlled driving performances.
Method

Design
The study was conducted according to a balanced, singleblind, cross-over design. Each participant followed four experimental sessions balanced for order with a Williams's square design (Williams 1949) . Experimental sessions began at 1 pm. Each session was separated from the following by a washout period of at least 2 days.
Before each session, participants drank a beverage (vodka 40 % and/or orange juice) in order to obtain a BAC of 0 (placebo), 0.3, 0.5, or 0.8 g/l.
Doses of ethanol were calculated for each volunteer using the following formulae (Tiplady et al. 2005) :
where A is age (years), H is height (cm), W is weight (kg), and T is the target concentration (mg/100 ml). Duration of drinking was around 15 min. Time between the end of alcohol intake and driving was around 20 min and was preceded by a verification of the BAC. The alcohol level was measured using a breathalyzer (SD-400 DJP/LION).
Participants
Sixteen drivers (eight men and eight women) aged from 21 to 29 years (m =25.31, SD=2.87) and with a minimum of 2 years of driving experience were included in this experiment. Before inclusion, participants had a medical check-up, and it was verified that they had no prior problems with drug or alcohol abuse. First-time consumers of alcohol and excessive drinkers were not accepted. Participants were instructed to abstain from alcohol the day before the experimental session, to avoid caffeinated beverages and to eat just a light meal before each experimental session. For each session, participants were transported from home to the laboratory by IFSTTAR staff.
All participants gave written informed consent and signed informed commitment prior to inclusion in the study. They were compensated for their participation.
The study was granted ethical approval by the French local ethics committee and by the French Health Products Safety Agency.
Apparatus
The driving experiment was carried out on the SIM2-IFSTTAR fixed-base driving simulator. The simulator consisted of a one-quarter vehicle and three video projectors. The drivers' visual environment was generated using the ARCHISIM (2011 release) software package (Espié and Auberlet 2007). The vehicle had an automatic gearbox and was not equipped with rear view mirrors. The image projection surface underlay an angular opening that spanned 150°h orizontally and 40°vertically ( Fig. 1 ). Images were refreshed at the rate of 30 Hz. Drivers controlled the vehicle using the steering wheel, the brake, and accelerator pedals. The acquisition frequency for the different signals (position, speed, acceleration, etc.) was around 30 Hz.
Driving scenarios
During each experimental session (0, 0.3, 0.5, or 0.8 g/l), participants were presented with three driving scenarios. The order of presentation of the three scenarios was randomized within each session, and the BAC level was measured before each of them. To avoid any learning effect during the experimental sessions, participants were extensively trained on the different scenarios the day of the medical examination.
Highway scenario (15 min)
The participants drove on a highway, without any traffic. They were instructed to drive with a steady position within the right traffic lane while maintaining a constant speed of 110 km/h during the test. "They were free to choose their preferred position within the traffic lane" as in Verster and Roth (2011) , so they could drive as in their usual, natural position. The duration of this task is longer (more than twice as long) than in Veldstra et al. (2012) . Moreover, at the end of the Fig. 1 Simulator used in the experiment circuit, they were confronted with a vehicle stopped in their lane with a time to collision of 2.5 s. The mean lateral position of the vehicle from the center of the right lane (LP), standard deviation of lateral position (SDLP), mean speed (SD), and standard deviation of speed (SDSD) were calculated across all data points during one drive (excluding values obtained with a radius of curvature of <1,000 m). The number of off-lane incidents was also calculated (number of times that the participant left the right lane). The number of collisions and response times (RT) by the participants when confronted with a stopped vehicle at the end of the test were also noted. RT corresponded to the time difference between the apparition of the obstacle vehicle and the first press on the brake pedal.
Car following scenario (10 min)
The participants had to follow a lead car at a short distance, but one considered to be safe. Their task was to keep this distance constant, whereas the lead car was programmed to randomly accelerate or decelerate. The speed of the lead vehicle could vary from 70 to 90 km/h (±10 or 20 km/h), but the vehicle did not continuously accelerate and decelerate as in the study by Veldstra et al. (2012) . Each speed change was separated from another by a period of stable speed. The duration of stable speed was 20, 30, or 40 s.
Mean SDLP, intervehicular time (IVT, distance from the rear of the leading vehicle to the front of the following vehicle/ participant's speed), the number of adjustments of speed during stable speed of lead vehicle, e.g., the number of times the participant's speed was lower or higher than the lead vehicle's speed, and response time delay after the lead vehicle's speed modification were analyzed. Analysis of speed and speed deviation were not relevant as linked to the speed of the lead vehicle.
Urban scenario (10 min)
The participants drove along a realistic urban circuit where a few independent vehicles with nonconflicting behavior were also driving. The participants' task consisted in driving at 50 km/h, as usual. Seven prototypical events, inspired by real accidents, were also included in a counterbalanced order in the circuit. These events were spatio-temporally implemented using data from the Detailed Accident Study collected by the Laboratory of Accident Mechanism Analysis at IFSTTAR. As our objective was to include difficult situations on the simulator and not situations that systematically produced accidents, we adapted the different values from the accident reconstitution so that drivers on the simulator could develop collision avoidance strategies Damm et al. 2011) .
In Veldstra et al. (2012) , only three urban events were used. They were not really constructed with spatio-temporal reconstitutions of real accidents. One event assessed risktaking in traffic (the time interval accepted by participants to turn left as oncoming traffic arrived), another tested violations of traffic regulations using a traffic light scenario, and the last one was, as in the present study, a vehicle pulling out of a parking space. The events used here tested the participants' maneuvers and their efficiency. Three events (a, b and c) were unexpected and four could be foreseen (d, e, f, and g): vehicle whose speed depends on his/her own speed, so that the distance between the two vehicles is 25 m. Suddenly, the coupling is broken and the obstacle vehicle slows down to a speed of 10 km/h. (g) Opposite vehicle crossing. A vehicle in front of the driver gets ready to turn left into a petrol station and starts to cross the opposite lane, when the subject's vehicle is at a distance of 25 m from the potential point of impact.
In case of crashes, the vehicle being driven passes through the vehicle with which it crashes and the participant can continue the circuit without interruption.
The number of collisions, SD at the origin of the urban events (for example, at the initiation of braking of the obstacle vehicle), and RT were analyzed.
Statistical analysis
A first ANOVA verified that the average level of alcohol was equivalent for the three driving tests. Then, four alcohol-level ANOVAs within-subjects factors were performed for each quantitative driving variable. In case of a significant effect of alcohol, Dunnett's post hoc tests were applied, where necessary rounded out with an analysis of linear contrasts and linear regression.
For the vehicle stopped at the end of the highway circuit and for urban scenarios, the descriptive parameters of overall driver behavior were classified into obstacle avoidance (by changing lateral position and/or braking) or crash. Nonparametric Friedman ANOVAs were then performed on the number of crashes (highway and urban scenarios) and on the number of off-lane incidents (highway scenario). In case of a significant effect of alcohol, contrasts were explored with the Wilcoxon test.
The level of significance for all analyses was set at 0.05.
Results
Blood alcohol concentrations
No detectable BACs were observed under the placebo condition; the mean BACs obtained prior and following the simulated tasks are summarized in Table 1 . The mean alcohol level obtained did not differ significantly between driving scenarios [F (2,30) =2.03, NS] (Fig. 2) .
Highway scenario
Average performance scores and p values for all driving parameters analyzed are displayed in Table 2 . LP values did not significantly vary as a function of BACs; the subjects always drove in the middle of the right lane, but as expected, SDLP varied according to alcohol level. Post hoc analysis showed that only the highest alcohol level (0.8 g/l) involved SDLPs significantly higher than placebo (p <0.003).
SP and SDSP increased dose dependently, but this effect did not reach significance. However, Dunnett's post hoc test applied to the data showed a significant increase in these two variables with 0.8 g/l relative to placebo (respectively, p < 0.042 and p <0.043). Finally, the number of off-lane incidents per BAC increased but did not reach significance; these incidents always occurred on road shoulders (right side of the lane). The Wilcoxon post hoc test, however, showed an increase in off-lane incidents with 0.3 (p <0.08) and 0.8 g/l (p < 0.09) relative to placebo.
At the end of the circuit, participants were confronted with a vehicle stopped in their lane and 28 crashes were noted out of a total of 64 events. Crashes were regularly distributed between the different alcohol levels and were frequently linked only to braking. Conversely, participants who avoided collision (36 cases) combined braking and a left maneuver or made a left maneuver without braking. Mean response times to this unexpected obstacle did not significantly vary with the alcohol level ( Table 2 ).
Car following scenario
Performance scores and p value are presented Table 3 .
There was an overall effect of alcohol on SDLP. The highest alcohol dose (0.8 g/l) brought about highest SDLP (p <0.001). IVT did not vary significantly as a function of BACs.
The number of speed adjustments during the lead vehicle's stable speed period revealed a variation according to the BAC. Participants with 0.3 and 0.8 g/l of BAC produced more adjustments than with placebo (p <0.017 and p =0.025, respectively).
Mean response times to the acceleration/deceleration of the followed vehicle were faster when the followed vehicle decelerated than when it accelerated (1.99 and 2.45 s, respectively) but did not significantly vary according to BACs (Table 3) .
Urban scenario
A total of 19 crashes occurred and the number of crashes increased as the BAC increased, but this variation was not significant due to the low number of crashes (χ 2 =2.29, p = 0.51; Fig. 3 ). Mean response times did not reveal any significant difference according to alcohol level [F (3,45) =0.69, NS; Fig. 3 ].
At initiation of the scenarios, mean speeds did not significantly vary as a function of alcohol level [F (3.45) =0.6, NS] (placebo=43.7 km/h, 0.3 g/l=43.8 km/h, 0.5 g/l=42.7 km/h, and 0.8 g/l=44.7 km/h).
Discussion and conclusions
The main objective of this study was to quantify the effects of BAC on different driving scenarios: a highway driving scenario (monotonous situation), a car following scenario, and an urban driving scenario with specific events inspired by real crashes. The highway scenario involved assessing automated driving performances such as SDLP and speed; the other two scenarios implied more complex driving performances and controlled processing (Michon 1985) . We first verified that mean alcohol levels did not significantly vary among the three scenarios tested despite the decrease in BAC from the beginning to the end of each experimental session.
Looking at lateral data, the results obtained for the highway and car following scenarios were homogeneous. BACs clearly influenced SDLP: The higher the alcohol level, the more the participants had difficulties in maintaining a stable trajectory on the road. Impairment is thus clearly alcohol dose dependent for this automated driving parameter. This result is in accordance with past results; SDLPs are in fact known to be sensitive to the effects of psychotropic drugs, alcohol, and fatigue, in natural and simulated driving situations (Liu et al. 2009; Verster and Ramaekers 2009; Owens and Ramaekers 2009; Simons et al. 2012) . The increase in SDLP values obtained with 0.5 g/l of alcohol relative to placebo (+2 cm) is relatively close to the values obtained in other studies using similar monotonous scenarios and BACs, which confirms the validity of our results (Vermeeren 2004; Kuypers et al. 2006; Veldstra et al. 2012) . Otherwise, the duration of the driving task in these two scenarios was relatively short, so the distances traveled were also short, while SDLP is known to increase with the duration of the task, in connection with vigilance decrement (Verster and Roth 2012b) . This could be the reason why significant differences were not found between the zero alcohol level and 0.5 g/l, but the tendency toward significance showed that behavior decrement can occur relatively rapidly.
In the highway scenario, participants drove in the middle of their lane and a slight but not significant increase in off-lane incidents occurred on road shoulders with 0.3 and 0.8 g/l of alcohol in the blood. Note that off-lane incidents always occurred to the right of the lane, which is difficult to interpret. This result is, however, in accordance with the fact that offroad occurrences can significantly increase with alcohol (Arnedt et al. 2001) . The difficulty in maintaining a stable trajectory was associated with a tendency to increase one's speed as a function of BAC, which demonstrates a decrease in inhibitory processes (Kalmen and Gustafson 1998; Fillmore et al. 2008) . Reduction in speed is in fact known to provide drivers with additional time to adapt to changes in their environment and to maintain greater vehicular control. It thus seems here that drivers failed to reduce their speed to compensate for additional impairment due to alcohol. Moreover, in the car following scenario, participants' speed adjustments to the speed of the followed car tended to be more frequent with an increase in BAC and thus attested to difficulties in regulating and stabilizing their own speed.
The results obtained with the highway and car following scenarios thus demonstrate an influence of alcohol on automated driving performances, e.g., lateral control (SDLP) and longitudinal control (speed) (Lenné et al. 2010; Mets et al. 2011) . Contrary to these results, the car following scenario with constant acceleration and deceleration of the lead vehicle previously failed to show alcohol effects (Veldstra et al. 2012) ; it thus seems that it is notably in the period of stable speed by the lead vehicle that performance decrements occur.
Speeds at the initiation of the events (urban scenario) were not affected by BACs, but it should be pointed out that the prescribed speed was lower in this scenario than in the others. In accordance with the results of past studies, response times were not altered by the alcohol dose, either in the urban (Vakulin et al. 2007) . Otherwise, in the car following scenario, participants' response times were faster after deceleration than after acceleration by the followed car. This could be due to the variation of the obstacle vehicle's size: After deceleration, the obstacle's angular size increases, which entails a higher risk of crash; conversely, after acceleration, it decreased, posing less of a risk for the participant (Andersen and Sauer 2007) .
In the urban scenario, although 68 % of the crashes were observed with 0.5 and 0.8 g/l of BAC, this result was linked to the fact that one woman was very sensitive to the effects of alcohol (her behavior only significantly differed from the other participants' behavior for this variable and this scenario) and systematically collided in four events with 0.5 and 0.8 g/l (i.e., 8 crashes out of the 19 observed). From a safety point of view, it would be interesting to know the exact percentage of drivers (male and female) who are extremely sensitive to the effects of alcohol in order to take this percentage into account in discussions of legislative changes to the legal limits adopted in the European Community.
Urban events did not demonstrate alcohol's effects on drivers' behavior (Veldstra et al. 2012) . In right crossroad, vehicle pulling out from a parking space, and hidden pedestrian crossing events, the obstacle vehicle became perceptible late and was relatively unexpected; conversely, in the left crossroad, opposite vehicle crossing, braking by the vehicle ahead, and vehicle overtaking and merging back events, the participants could see the obstacle vehicle long before the situation became risky, and they could foresee a potential crash. It thus seems that with or without the possibility to foresee the evolution of the events, the BAC level had no effect on the behaviors adopted by the participants.
Confronted with these results, the hypothesis could be put forward that the urban scenario, where more complex performances were measured, involves less impairment by alcohol intoxication than the other two scenarios. However, to neutralize learning effects during our four experimental sessions, participants were extensively trained for the difficult situations included in the urban scenario. The effect of learning the driving circuits and foreseeing the events may have resulted in improved driving performances (e.g., better crash avoidance) over the course of the four drives, in which case the effects of alcohol would have been attenuated. Urban events thus may not be regarded as completely unexpected, probably increasing the participants' alertness, which in turn could have improved their driving performance (Meskali et al. 2009 ). Thus, they were probably unable to induce a real-life reaction unlike for the highway scenario, which has been proved to involve behaviors that are relatively similar to those of natural driving. Finally, the weak sensitivity to the urban scenario may also be linked to the complexity and variability of possible avoidance strategies when faced with one event, unlike the automated driving tasks involved in the highway and car following tasks, where behavioral strategies are limited. These questions could be resolved with a specific protocol including matched groups subjected to just one level of alcohol and thus to just one session of urban driving.
In brief, lateral and longitudinal control of the trajectory seems to be altered more than the strategies adopted when confronted with critical or stimulating events in which attentional processes are completely involved. There thus appears to be a specific decrement of performances according to the driving task, a hypothesis that has already been put forward (Huemer and Vollrath 2010) , and a relatively simple task requiring automated behavior may be more affected by alcohol and drugs than complex tasks that require conscious, higher-level control (Ronen et al. 2010; Veldstra et al. 2012) . One limit of this study, however, is that many obvious doseresponse relationships failed to reach statistical significance due to the large dispersion of responses and a limited sample size, which may have reduced the detection of real differences. Some effects could have reached significance with a larger group of participants (Helland et al. 2013) . It is also important to note that our findings are based on a group of young but relatively experienced subjects (more than 2 years with a driving license) and cannot be generalized to other populations. Our next objective is thus to replicate the alcohol experiment with larger groups of very young, novice drivers who seem more often involved in road crashes with low alcohol level than experienced drivers (Zador et al. 2000; Keall et al. 2004; Peck et al. 2008) . As road crashes are generally due to a combination of several factors, it is possible that a lack of experience combined with alcohol, even at a low level, could have a cumulative effect on performances (Lenné et al. 2010 ).
